The osteocalcin (OC) silencer is a unique example ofexonic sequences contributing to negative transcriptional control of ammalian gene expression. In this paper we demonstrate, using a reporter transfection assay, that multiple elements reside within the OC +24/+151 domain. Thirty-fold repression is mediated by the +49/+104 fragment, experimentally relocated 3' of the poly(A) signal. Deletion of either the +49/+54 protein-coding sequence or the +98/+104 intronic part ofthis fragment results in loss of repression activity, suggesting a bipartite organization of the +49/+104 silencer. Silencers were initially defined by analogy to enhancers as autonomous cis-acting transcriptional regulatory elements that repress promoter activity from a distance in a positionand orientation-independent manner (19). Recently it has become evident that some silencers do not entirely fulfill these criteria (see, for example, refs. 20-24). Initial characterization of the OC intragenic silencer revealed that repression activity of the +24/+151 sequence is retained following relocation to 3', but not 5', extragenic positions, and only when the native orientation is preserved. In addition, no inhibitory activity is exerted on the heterologous simian virus 40 (SV40) promoter (18). These unique characteristics raised the possibility of cooperativity between OC silencer components residing 3' and 5' of the transcriptional start site, as described for the insulinlike growth factor II gene repression mechanism (25) . In this paper, multiple lines of evidence rule out this possibility; the most compelling is the ability of the OC silencer to repress activity of the thymidine kinase (TK) promoter. We also show by transfection of ROS 17/2.8 cells with deletion mutants of the +24/+151 domain that a minimal silencer maps to the +49/+104 sequence consisting primarily of protein-coding sequences. Furthermore, our data suggest that at least three additional elements, two negative and one positive, reside within the entire +24/+151 domain. Thus, intragenic sequences of the OC gene overlapping the first exon (encoding the prepropeptide) and the first intron exhibit strong negative as well as positive transcriptional control and may therefore play a major role in the tissue-specific developmental regulation of OC gene expression.
+49/+104 silencer to include the +24/+48 and/or the +1051+151 sequences results in increased silencer activity up to 170-fold, suggesting the presence of additional silencer elements within these sequences. The activity of the silencer contained within the +24/+ 151 OC sequence is directed to the basal promoter and is not dependent on 5' distal enhancer elements, including those that mediate responsiveness of OC transcription to vitamin D. The OC silencer represses the heterologous thymidine kinase promoter and is operative in osseous (normal diploid osteoblasts, ROS 17/2.8 osteosarcoma) as well as HeLa cells. Our results, which suggest the presence of at least five regulatory elements downstream of the OC transcription start site, indicate the complexity of sequences that mediate repression of OC promoter activity.
Osteocalcin (OC) is a bone-specific vitamin D-responsive extracellular matrix protein expressed in mature osteoblasts and up-regulated during extracellular matrix mineralization both in vivo and in vitro (1) (2) (3) . Transcriptional regulation plays a major role in the control of OC gene expression.
Multiple studies have addressed mechanisms underlying OC transcriptional responsiveness to physiological regulators (see ref. 4 for review). Of particular interest is the vitamin D-mediated up-regulation of OC gene transcription, which has become a model to study vitamin D receptor/DNA interactions (see ref. 5 for review). In addition to vitamin D responsive elements (6) (7) (8) (9) (10) (11) , sequences have been identified in the 5' flanking region of the OC gene, which confer responsiveness to vitamin A (12) , glucocorticoids (7, 13, 14) , and tumor necrosis factor a (15) . However, endogenous cellular mechanisms mediating the basal transcription of OC, selectively at a specific developmental stage of osteoblast differentiation, are minimally understood.
Cis-acting promoter elements that may contribute to the tissue-specific developmental control of basal OC gene transcription include the TATA and the OC box domains (located at nt -30 and -99, respectively), comprising the basal promoter (16, 17) . In addition, we have recently shown that a region immediately downstream of the OC transcriptional start site confers strong silencer activity on the OC promoter (18) . The present study further characterizes the transcribed OC silencer.
Silencers were initially defined by analogy to enhancers as autonomous cis-acting transcriptional regulatory elements that repress promoter activity from a distance in a positionand orientation-independent manner (19) . Recently it has become evident that some silencers do not entirely fulfill these criteria (see, for example, refs. [20] [21] [22] [23] [24] . Initial characterization of the OC intragenic silencer revealed that repression activity of the +24/+151 sequence is retained following relocation to 3', but not 5', extragenic positions, and only when the native orientation is preserved. In addition, no inhibitory activity is exerted on the heterologous simian virus 40 (SV40) promoter (18) . These unique characteristics raised the possibility of cooperativity between OC silencer components residing 3' and 5' of the transcriptional start site, as described for the insulinlike growth factor II gene repression mechanism (25) . In this paper, multiple lines of evidence rule out this possibility; the most compelling is the ability of the OC silencer to repress activity of the thymidine kinase (TK) promoter. We also show by transfection of ROS 17/2.8 cells with deletion mutants of the +24/+151 domain that a minimal silencer maps to the +49/+104 sequence consisting primarily of protein-coding sequences. Furthermore, our data suggest that at least three additional elements, two negative and one positive, reside within the entire +24/+151 domain. Thus, intragenic sequences of the OC gene overlapping the first exon (encoding the prepropeptide) and the first intron exhibit strong negative as well as positive transcriptional control and may therefore play a major role in the tissue-specific developmental regulation of OC gene expression.
MATERIALS AND METHODS Pasids. Unless specifically described here, plasmid construction is given elsewhere (18) . pOCZA(24/151)CAT (CAT = chloramphenicol acetyltransferase) as well as various constructs ofthe type pOCZCATA(m/n) were made by blunt-end ligation of the respective OC RNA-coding sequences (indicated following the "A") with a pOCZCAT vector (see Fig. 1 Fig. 1 ), respectively, with Bgl II and Xho I, followed by Klenow-mediated end-blunting and religation. pFspIOCZCAT was obtained by ligating the Fsp I/Nsi I OC-CAT fragment of pOCZCAT (see Fig. 1 ) with a pGEM-7Zf(+) vector (Promega) digested with Sma I and Nsi I. The +24/+151 OC fragment was cloned in pFspIOCZCAT in either the 5' Xho I site or the 3' BamHI site to generate the four pFspIOCZCAT-derivatives (see Fig. 3 ). The TK promoter-CAT reporter fusion gene from pBLCAT2 (27) (18) . Rat osteosarcoma (ROS 17/2.8) cells were transiently transfected with pOCZCAT as well as derivative constructs containing the +24/+151 OC sequence either in the native intragenic configuration or in a 5' or a 3' extragenic position. Fig. 1 indicates a 10-or 170-fold decrease in CAT activity mediated by the +24/+ 151 sequence in the native orientation, when inserted at the intragenic HindIII or at the 3' extragenicBamHI site, respectively. These results suggest that the OC +24/+151 domain functions as a transcriptional silencer in ROS 17/2.8 cells. The more pronounced repression at the 3' extragenic position may reflect enhancement of silencer activity as a result of isolating the element from its native context. The silencer was not effective when inserted at the 3' extragenic BamHI site in the reverse orientation or at the 5' extragenic Xho I site in either orientation ( Fig. 1) . These results are similar to the characteristics of the OC +24/+151 silencer in normal diploid osteoblasts (18) . We therefore used the ROS 17/2.8 cell system to characterize and map elements operative within this domain.
Several control experiments were carried out to examine the silencer activity of the +24/+ 151 sequence. First (Fig. 2, constructs SV1-5V6 ). In fact, insertion of multiple silencer copies at the 3' extragenic position of pSV2CAT results in a limited activation (data not shown). These results, together with the requirements that the +24/+151 sequence be located at a 3' position and in the native orientation to silence the OC promoter ( Fig. 1 and the Ultrabithorax gene (32) . To address this possibility we cloned both the OC distal promoter sequences (-1097/-108) and the OC silencer sequence (+24/+151), upstream and downstream, respectively, of the SV40 promoter-CAT reporter fusion gene. However, these OC regulatory sequences did not inhibit the SV40 promoter activity either alone (Fig. 2 , SV1-SV7) or together (Fig. 2, SV8) .
We next addressed whether silencer activity is directed at basal promoter activity or at the enhancement mediated by the VDRE or other OC distal promoter elements. Two 5' deletion mutants of pOCZCAT were generated (Fig. 3) . In the first, pBglIIOCZCAT, the fragment -1097/-343 containing the VDRE is deleted. In the second, pFspIOCZCAT, only the -103/+24 OC basal promoter is driving the CAT reporter gene. The +24/+151 silencer sequence was then inserted in each of the deletion constructs at the positions and orientations illustrated in Fig. 3 . Consistent with previous reports, the deletion of the fragment -1097/-343 from pOCZCAT resulted in decreased transcriptional activity due to loss of responsiveness to vitamin D, conferred by the sequences -1022/-871 (10) and -460/-445 (8, 9, 11) . Further decrease in transcriptional activity following deletion of the -342/-104 fragment (compare pBglIIOCZCAT and pFspIOCZCAT) indicates the presence of additional positive regulatory elements in this region. However, the residual activity of these deletion constructs could still be significantly repressed by the +24/+151 sequence (Fig. 3) (Fig. 1) , the -103/+24 basal promoter was not affected by the +24/ + 151 sequence in the reverse orientation, or in any orientation at a 5' extragenic position (Fig. 3) .
The relationship between the silencer activity and vitamin D-mediated enhancement was also addressed by comparing constructs containing [pOCZCATA(24/151)] and lacking (pOCZCAT) the silencer in the presence and absence of vitamin D. As shown in Fig. 4 , withdrawal of vitamin D results in a 3.5-fold decrease in pOCZCAT-derived CAT activity (lane 3 vs. lane 1). However, a further 14-fold decrease is observed in pOCZCATA(24/151), either in the presence of absence of vitamin D (lanes 2 and 4, respectively). This result suggests that the silencer affects basal transcription and that transcription is repressed to a very low level that cannot be enhanced by vitamin D.
Repression of the OC promoter by the +24/+151 silencer, independent of OC distal enhancer elements (Figs. 3 and 4) , raised the possibility that the inability to inhibit the SV40 promoter (Fig. 2) results from an organizational difference between the SV40 and the OC basal promoters. We therefore tested the effect of the +24/+151 OC sequence on the heterologous herpes simplex TK promoter, which is more similar to the OC promoter. Indeed, as shown in Fig. 5 , insertion of the +24/+151 OC sequence downstream of the TK-CAT fusion gene results in a 200-fold decrease in transcriptional activity following transfection of ROS 17/2.8 cells, and, similar to the effect on the OC promoter ( Fig. 1) , silencer activity on the TK promoter is also dependent on the native orientation (Fig. 5) . The promoter selectivity ofthe OC silencer could not be accounted for by differences in promoter strengths because the activities ofthe TK and the SV40 : . C   FIG. 3 . The OC silencer activity is directed to the basal promoter. The 5' deletion constructs of pOCZCAT (Fig. 1) were generated as described (see text), followed by insertion of the OC +24/+151 sequence ("Sil," shaded bar) in each of these constructs at the positions as illustrated (horizontal arrows indicate reverse orientation). The dark bars on the right describe results from a representative experiment; the mean CAT activity (±SD) derived from three wells is shown relative to pOCZCAT, defined as 100 units. In contrast to the tissue-specific OC promoter, the TK constructs could be utilized to study the effect of the OC silencer in cells that do not transcribe the OC gene. As shown in Fig. 5 , the TK promoter activity in HeLa cells is inhibited 9-fold by the OC silencer. The weaker effect in HeLa relative to ROS 17/2.8 cells may reflect a difference in the abundance of silencer-binding factors and/or the activity of only selected elements residing within the OC +24/+151 domain (see below). Similar to the effect in ROS 17/2.8 cells, silencer activity in HeLa cells is strongly dependent on the native orientation (Fig. 5) .
The OC Silencer Is a Composite of Negative and Positive Regulatory Elements: A Functional Silencer Component Resides Within Protein-Coding Sequences. To map the silencer element in more detail, we tested several constructs (18), containing various segments of the OC +24/+151 fragment for silencer activity. The sequences +24/+104 and +39/ +151 in ROS 17/2.8 cells mediated 140-fold and 30-fold repression of OC promoter activity, respectively (Fig. 6 ), suggesting that a minimal silencer is contained within the +39/+104 sequence. Because the silencer motif ACCCTC-TCT (18, 20) is found at +40/+48, we directly tested the effect of the fragments +39/+ 104 and +49/+ 104 (containing and lacking the silencer motif, respectively) on activity of the OC promoter in ROS 17/2.8 cells. As shown in Fig. 6 , only 7-fold inhibition is observed with pOCZCATA(+39/+104), while 30-fold repression is obtained with pOCZCATA(+49/ +104). This experiment maps a silencer to the +49/+104 sequence and, particularly significant, an antisilencer activity FIG. 6 . The OC +24/+151 domain is a composite of both negative and positive regulatory elements: Requirement for both protein-coding and intronic sequences. The illustrated segments of the OC +24/+151 domain were cloned in the BamHI site of pOCZCAT ( Fig. 1), 3 ' of the poly(A) signal in the indicated orientations. Exonic (+24 to +97) and intronic (+98 to +151) sequences are represented by shaded and dark bars, respectively. Positions of the ATG initiation codon and the ACCCTCTCT "silencer motif' (18, 20) are indicated. ROS 17/2.8 cells were transfected and CAT activity was assayed 72 hr later. Results from a representative experiment are given relative to pOCZCAT (no insert), defined as 100 units (mean ± SD, n = 3).
to the added +39/+48 sequence. Therefore, the presence of the ACCCTCTCT motif (+40/+48) in silencers of several genes (18, 20) may not be directly related to the silencer activity per se. Note that the antisilencer activity can be alleviated to regain the suppression effect by further addition of either the +24/+38 or the +105/+151 sequences to the +39/+104 fragment (Fig. 6) . Furthermore, the silencer activity regained with the +24/ + 104 fragment is stronger than that of the +49/ + 104 sequence, indicating a requirement for the +24/+38 domain for maximal repression (Fig. 6 ).
To further map the silencer element within the +49/+104 sequence, we deleted either 6 bp from the 5' end (+49/+54) or 7 bp from the 3' end (+98/+ 104) and tested the remaining sequences for silencer activity. As shown in Fig. 6 , each of these deletions results in loss of repression activity; a possible interpretation is that the sequence +49/+104 contains a bipartite silencer, similar to silencers associated with several other genes (23, 25, 33 Because mRNA sequences, and protein-coding sequences in particular, are usually excluded from reporter constructs used to characterize promoters, the possibility must be considered that transcriptional regulatory elements, initially identified within 5' flanking sequences and later within introns, are present in exons (including exons that encode protein sequences) at a much higher frequency than is currently reported. Some examples of exonic transcriptional regulatory sequences are positive cis-acting elements in the first exon of housekeeping genes (34, 35) . Others are negative exonic regulatory elements in genes associated with specialized functions (25, 32, 36, 37) . The evolutionary significance of silencers residing within exonic and particularly within protein-coding regions (this report; ref. 38 ) is an intriguing aspect of this unique location.
The position of the OC silencer 3' of the transcription start site and in the native orientation is essential for activity (Fig.  1) . Such position and orientation requirements may provide insulation of promoters residing downstream of the OC gene from the OC silencer activity. A similar position requirement by the intragenic component of the insulin-like growth factor II silencer (25) reflects dependence on additional silencer elements 5' of the transcriptional start site. This mechanism does not appear to be operative for the OC silencer because it autonomously represses the heterologous TK promoter (Fig. 5) [although not the SV40 promoter (Fig. 2) ]. An alternative explanation for the position as well as the orientation dependence of the OC silencer is intrinsic directionality of both the silencer and the affected promoters (Fig. 3) . In addition, the silencer activity is not dependent on treatment of the transfected cells with vitamin D (Fig. 4) . Finally, the ability to repress both the OC basal promoter and the TK promoter suggests direct interaction between similar complexes at each of these two promoters and silencer-binding proteins. The (Fig. 6) as well as the established role of the thyroid hormone receptor (TR) in gene repression (31, 44) suggested involvement of the TR in OC silencer activity. However, treatment of the transfected cells with 3,5,3'-triiodothyronine (data not shown) did not result in the expected alleviation of silencer activity (31) . In addition, the sequence +49/+97, containing the intact TRhE, is insufficient to reconstitute silencer activity (Fig. 6) . Interestingly, extension of the +49/+97 sequence downstream to position +104 results in silencer activity; the first 2 of the 7 added bp (+98/+99) restore the interrupted palindrome ACCTG G CAGCI (nt +89/+99), which shares similarity with silencers of the growth hormone gene and the polyoma virus (see ref. 18 ). Whether this similarity reflects the action of common transcription factors at the three silencers remains to be established.
